ABSTRACT: Stokesbury et al. (2011; Mar Ecol Prog Ser 425:167−173) concluded that 10 billion sea scallops Placopecten magellanicus probably died from discarding during fishing operations between surveys in 2003 and 2004, based on the observed reduction in scallops between these 2 surveys. The reported mortality primarily occurred in a very large 2001 year class that was below commercial size in 2003−2004, whereas mortality rates were lower for larger commercial-sized scallops. This pattern is not consistent with mortality from discarding, because commercial scallop dredge gear is designed to retain commercial-sized scallops, allowing a substantial proportion of undersized scallops to escape through the dredge rings. Data from at-sea observers in the MidAtlantic indicate that only 319 million scallops were discarded during this period. Non-capture (incidental) fishing mortality was also too low to account for the observed mortality. However, juvenile scallop mortality due to predation increases with their density, primarily induced by crabs Cancer spp. The observed high mortality of juvenile scallops was therefore probably a result of increased predation, rather than discarding.
Introduction
Fishery discarding is an issue of serious concern, because it can lead to reductions in fishery yields and bycatch populations, and to alterations of marine food webs and ecosystems (Harrington et al. 2005) . Accurate estimation of discards is therefore important for understanding the dynamics of the discarded species and the effects of fisheries on marine ecosystems. Stokesbury et al. (2011) concluded that 10 billion sea scallops Placopecten magellanicus -over half of the entire estimated scallop population -were probably killed by being discarded during scallop fishery operations in the Mid-Atlantic Bight be tween 2003 and 2004 . They based their conclusion on the observed substantial decline in sea scallop abundance between 2003 and 2004, which they attributed to discarding because other potential causes seemed unlikely. We show that (1) the pattern of mortality described by Stokesbury et al. (2011) is not consistent with high mortality due to discarding; (2) direct estimates of discarding from at-sea observers are more than an order of magnitude lower than the 10 billion discards suggested by Stokesbury et al. (2011) ; and (3) predation related to the extremely high juvenile scallop densities observed in 2003 is a likely and credible alternative explanation for the decline.
Patterns of mortality
Sea scallop dredges are designed to retain scallops larger than the dredge ring size (89 mm in 2003), while allowing a substantial proportion of smaller scallops to escape through the dredge rings (e.g. Yochum & DuPaul 2008) . Thus, even under the unlikely scenario that all discarded scallops die, the fishing mortality rate of small scallops due to dredge capture cannot exceed the mortality rate of scallops larger than the dredge ring size. However, it is evident from Fig. 4 of Stokesbury et al. (2011) that there was a much greater proportional reduction in the number of small scallops than large ones, indicating that the mortality rate was much higher for small scallops well below commercial size than it was for larger scallops. Even if the dredge was less selective for large scallops, e.g. because of dredge rings being clogged with scallops or debris, fishing-related mortality rates could still not be higher in small scallops than in large ones. Therefore, we find that the data in Stokesbury et al. (2011) are inconsistent with high mortality from discarding.
Discard estimation from at-sea observers
At-sea scientific observers on commercial scallop vessels report on the quantity and shell heights of retained and discarded scallops (NEFSC 2010) . Based on 149 scallop trips in the Mid-Atlantic Bight between July 2003 and June 2004, about 12% (by weight; SE = 1%) of caught scallops were discarded. Less than 10% of the scallops caught in commercial scallop gear had < 80 mm shell height, even though a large majority of the population was smaller than this size (Stokesbury et al. 2011, their Fig. 4 , and our Fig. 1) ; therefore, fishery-related capture mortality was much lower for small scallops than for larger ones. Mid-Atlantic sea scallop landings during this period were 25 432 t of meat, implying that about 3408 t of scallop meat was discarded, based on the fraction discarded on observation trips. Using a mean meat weight of discards of 10.7 g (estimated from the shell height of discards as measured by observers in our Fig. 1 , and the shell height to meat weight relationship from NEFSC 2010), about 319 million scallops were discarded between July 2003 and June 2004. Thus, even if none of the discards survived, mortality due to discarding was much lower than that estimated in Stokesbury et al. (2011) .
Although Murawski & Serchuk (1989) observed <10% mortality from discarding during the summer in the Mid-Atlantic, commercial fishing practices combined with high deck temperatures may induce high discard mortality rates during the warmest months, as hypothesized by Stokesbury et al. (2011) . However, the fishery is conducted during all seasons, and it is likely that a higher percentage of discarded scallops survive during cooler weather. Thus, the number of scallops that died from discarding is likely considerably lower than 319 million ind.
Estimates of incidental (non-capture) fishing mortality
The term 'incidental fishing mortality' usually applies to non-capture fishing mortality, caused by gear crushing scallops or other forms of physical damage, rather than from discarding (e.g. Caddy 1973 , Hart 2003 . Direct observations in the MidAtlantic Bight found that < 5% of the scallops remaining in dredge tracks appeared damaged by such processes (Murawski & Serchuk 1989) . Another way of evaluating the effect of fishing on small scallops is to examine the mean size frequency patterns of the population. When averaged over a number of years (to reduce artifacts due to individual year classes), the slope or trend of the number of scallops per shell height bin is an indicator of the level of mortality; low mortality rates are reflected in a steady to increasing trend, whereas a decreasing trend indicates higher mortality. Mean size frequency patterns of scallops heights from 80 to 100 mm, and only declined above 100 mm. These differences are due to changes in fishery selectivity: 80 to 100 mm scallops were intensively fished during 1988−1994, but few scallops smaller than 100 mm were landed during 2003−2010, due to changes in both dredge ring size and discarding practices (NEFSC 2010). Thus, these data ( Fig. 2) indicate that the mortality of scallops of commercial size (> 80 mm in 1988−1994 and >100 mm in 2003−2010) was much higher than that of those below commercial size and above 40 mm shell height. It can be concluded that discard and incidental fishing mortality of scallops between 40 and 100 mm shell height is much smaller than the direct (landed) fishing mortality of commercial-sized scallops, consistent with our evidence based on mortality patterns and at-sea observations. The high observed mortality in juvenile sea scallops during 2003−2004 could therefore not be primarily due to either discarding or to incidental fishing mortality.
Density-dependence and predation mortality
While the cause of the high scallop mortality dur- ) in the Elephant Trunk region, similar to that reported by Stokesbury et al. (2011) ; this corresponds to a mean density of 2.8 ind. m −2 (assuming a 40% survey dredge efficiency; NEFSC 2010), which is over 25 times the mean density in this area from 1979 to 2001 (Fig. 3) Mortality from both disease and predation tend to be density-dependent. While we have no direct evidence of increased disease or parasitism during 2003 and 2004, diseases can cause substantial mortality on large year classes of scallops (e.g. Gulka et al. 1983) . Predation rates on juvenile scallops can also be substantial and increase with scallop density, as demonstrated by seeding experiments (Cliche et al. 1994 , Hatcher et al. 1996 , Barbeau et al. 1996 , 1998 . (Fig 3; note that the declines continued even after the Elephant Trunk area was closed to fishing in 2004). Predation rates of crabs Cancer spp. on clams and juvenile scallops increase with prey density (Boulding & Hay 1984 , Barbeau et al. 1998 . When presented with alternative prey, C. irroratus primarily attacks the prey occurring at higher density . Thus, the high densities of juvenile scallops in the Elephant Trunk area may have induced increased predation by Cancer spp. Crab predation would explain the observed higher mortality rates in small compared to large scallops, since Cancer mostly consumes scallops < 70 mm in shell height (Elner & Jamieson 1979 , Lake et al. 1987 . Stokesbury et al. (2011) . Cancer crabs can consume more than 3 scallops ind.
−1 d −1 in laboratory experiments (Nadeau et al. 2009 ). While this is not conclusive proof, the declines in scallop densities observed in the Mid-Atlantic Bight are consistent with densitydependent losses due to predation, and in particular to crab predation.
Conclusions
In highly fecund marine organisms such as sea scallops, mortality is very high during their larval and post-settlement juvenile stages (McGarvey et al. 1992 , Gosselin & Qian 1997 , Hart 2006 . Non-linear, rapidly saturating relationships between egg production and recruitment, as observed in sea scallops and many other marine species, indicate that there is strong intra-cohort density-dependent mortality at these early life-history stages (Shepherd & Cushing 1980 , NEFSC 2010 . Predation is likely a major cause of mortality in juvenile sea scallops and many other species; functional or numerical responses of predators to high prey densities can thus explain the observed density-dependent juvenile mortality (e.g. Hixon & Carr 1997 . By contrast, scallop mortality due to fishing is typically higher at commercial sizes than in juveniles and depends on the level of fishing effort rather than being directly related to the density of the target species. Therefore, the high mortality of juvenile sea scallops observed between 2003 and 2004 by Stokesbury et al. (2011) was not primarily due to fishery discarding, but was likely mainly the result of densitydependent predation. 
